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Abstract
Laser-driven proton acceleration from novel cryogenic hydrogen target
of the thickness of tens of microns irradiated by multiPW laser pulse is
investigated here for relevant laser parameters accessible in near future. It
is demonstrated that the efficiency of proton acceleration from relatively
thick hydrogen solid ribbon largely exceeds the acceleration efficiency for
a thinner ionized plastic foil, which can be explained by enhanced hole
boring driven by laser ponderomotive force in the case of light ions and
lower target density. Three-dimensional (3D) particle-in-cell (PIC) simu-
lations of laser pulse interaction with relatively thick hydrogen target show
larger energies of protons accelerated in the target interior during the hole
boring phase and reduced energies of protons accelerated from the rear
side of the target by quasistatic electric field compared with the results
obtained from two-dimensional (2D) PIC calculations. Linearly and cir-
cularly polarized multiPW laser pulses of duration exceeding 100 fs show
similar performance in terms of proton acceleration from both the target
interior as well as from the rear side of the target. When ultrashort pulse
(∼ 30 fs) is assumed, the number of accelerated protons from the target
interior is substantially reduced.
1
1 Introduction
Ion acceleration driven by high-power femtosecond laser pulses has been at-
tracting great interest for last two decades. Most experimental groups have
been studying laser-ion acceleration from thin metal or insulator foil targets
driven by thermal expansion of laser-heated electrons in the so-called Target
Normal Sheath Acceleration (TNSA) mechanism [1, 2]. However, this mecha-
nism has a limited efficiency, i.e., usually only a few percent of laser pulse energy
is transferred into the kinetic energy of accelerated ions which are mostly pro-
tons from low-Z hydrocarbon deposits on the target rear surface [3]. On the
path towards increased efficiency of laser-proton acceleration, alternative mech-
anisms to TNSA have to be investigated. One of the most promising alternative
mechanisms is radiation pressure acceleration (RPA) [1, 2]. In this scenario, a
compressed cloud of electrons is created by the ponderomotive force driven by
incident laser beam in the irradiated layer of the target, electrostatic field arises
from this charge separation in plasma and accelerates ions.
Previous theoretical papers on RPA are mostly devoted to the interaction of
ultrashort laser pulses with ultrathin targets (with the thickness below 1 µm). In
this case, mostly RPA in light-sail (LS) regime was studied by various theoretical
groups, e.g. [4, 5, 6]. However, since there are strict requirements on the laser
beam and target quality it will be extremely difficult to demonstrate pure light
sail regime in the laboratory even with a higher laser peak power [1]. On the
other hand, RPA in the hole boring (HB) regime [7, 8, 9] should be less sensitive
to laser prepulse and spatial intensity variations. Moreover, this mechanism
should also work efficiently for a thicker targets where the efficiency of other
mechanisms such as TNSA is substantially reduced. Due to multidimensional
effects, generation of hot electrons occurs even for circularly polarized laser
beams apart from 1D models [10]. Thus, one should asses the efficiency of
various acceleration mechanisms which take place at the same time.
The use of newly developed hydrogen solid cryogenic target with the thick-
ness down to a few tens of microns, the so-called thin ribbon of solid hydrogen
[11], was demonstrated in experiments with nanosecond laser [12] and experi-
ments with these targets on high intensity pico-/femtosecond laser facilities are
foreseen. The target from ionized solid hydrogen should be relatively thin, low
density, capable of producing only protons (with no contaminants) and of op-
erating at a high repetition rate as both refreshable and debris free. Thus, this
hydrogen solid ribbon is a good candidate for HB RPA regime which requires
a relatively low density (but overdense) targets composed of light ions in order
to reach a high hole boring (HB) velocity uhb [13].
In this paper, we demonstrate by multidimensional particle-in-cell simula-
tions using the code EPOCH [14] that HB RPA mechanism hugely dominates
over TNSA both in numbers and maximum energy of accelerated protons for
laser power of several PWs and pulse duration of several hundred femtosec-
onds by using ionized hydrogen ribbon of realistic thickness. Such laser beam
parameters should be available in near future in the frame of ELI-Beamlines
project (L4 laser) [15]. We also investigate the influence of relatively short-scale
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preplasma and laser wave polarization on the interaction.
We should note that terminology of the mechanism called HB RPA can be
somewhat misleading. While LS RPA regime is well established and recognized
since the energy of accelerated protons corresponds to the velocity of the ac-
celerated ultrathin foil, the maximum energy of protons in HB RPA regime
corresponds to velocity 2uhb, thus twice the recession velocity of the plasma
surface irradiated by the laser. The acceleration of ions can be seen as their re-
flection from the front of the laser pulse interacting with a homogeneous plasma
where plasma-vacuum interface is moving with velocity uhb [16] and is some-
times referred as shock acceleration or piston acceleration [1]. Throughout this
paper, we will use the term HB RPA for all proton acceleration in the target
interior during laser-target interaction.
2 Comparison of hydrogen target with plastic
foil
In order to illustrate the influence of electron density of ionized targets and the
target composition on the efficiency of acceleration mechanisms, we assumed
25 µm thick hydrogen ribbon (i.e., foil in the following discussion) and 5 µm
thick fully ionized polyethylene (CH2) foil of realistic target density irradiated
by the most intense laser pulse assumed in the frame of this paper (with peak
intensity 3 × 1022 W/cm2, dimensionless amplitude a0 ≈ 163). Taking into
account electron densities ne for both targets (56 nec vs. 339 nec, where nec
is the critical density) it implies that areal electron densities of the targets nel
(where l is the target thickness) are roughly the same.
Two different setups are used for 2D simulations with fully ionized hydrogen
and polyethylene foils. In the case of simulations with hydrogen target, the laser
plasma interaction occurs in the simulation box with dimensions 150 µm×50 µm,
which contains square cells with the size of 20 nm. Due to significantly higher
electron density and therefore higher requirements on simulation stability, the
cell size is shorten to 10 nm in the case of polyethylene target and simulation
box is reduced to 110 µm × 50 µm. Each cell occupied by plasma contains
56 electrons in the case of hydrogen target and 339 electrons in the case of
polyethylene target. Both targets are placed 50 µm from the simulation box
boundary with the entering laser pulse at position x = 0, i.e., the laser pulse
front reaches the edge of the plasma foil at the same time, referred as t = 0, in
all simulations. The transverse size of the targets is 50 µm, i.e., the targets are
touching simulation box boundaries at positions y = ±25 µm where thermal
boundary conditions for particles are applied. The used laser pulses incident
normally on the target and have a sin2-function time profile whereas the spatial
profile is Gaussian. The full pulse duration is 320 fs (then, the pulse energy is
equal and the pulse temporal profile is similar to gaussian profile with FWHM
equal to 150 fs). Laser beam width is 5 µm at FWHM, which implies laser peak
power about 9 PW for the assumed intensity 3× 1022 W/cm2.
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Despite its relatively low density (less than a0nec), the cryogenic hydrogen
target does not become transparent to the simulated laser pulse. In reality, the
relativistic transparency threshold is much higher than at a0nec given by linear
analysis [17] as the laser pulse strongly compress the electron fluid, raising the
electron density at the pulse front considerably [18]. Thus, HB RPA can occur
even well above the intensity assumed here [19]. With the use of high intensities
(above 1022 W/cm2) the RR force can appreciably affect proton acceleration
[20], therefore we studied both cases with QED module switched on in EPOCH
code [14].
10-50 MeV 50-100 MeV 100-150 MeV 150-250 MeV 250-350 MeV 350+ MeV
Figure 1: (a), (b) Proton energy layers for hydrogen ribbon at 190 fs and at
230 fs from the beginning of laser-target interaction; (c), (d) Proton energy
layers for polyethylene target at 110 fs and at 150 fs, respectively, from the
beginning of laser-target interaction. The targets are initially located between
x = 0 and 25 µm or between x = 0 and 5 µm.
Since CH2 target is composed of heavier ions than only protons and its ion
density is larger compared with hydrogen target, we can expect higher hole
boring velocity uhb for the hydrogen. Indeed, our analysis of simulation data
gives uhb = 0.08 c for CH2 target and 0.31 c for hydrogen ribbon. Thus, we
can expect much higher energies of protons accelerated by HB RPA in the case
of hydrogen taking into account that the maximum energy of such protons is
roughly proportional to uhb squared (neglecting relativistic effects).
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Fig. 1 shows the presence of protons at various energy intervals in the
simulation area (proton energy layers). The acceleration of protons in targets
can be divided into three stages. In the first stage shown in Fig. 1 a), c), there
are two groups of protons which can be clearly distinguished from each other in
space: the protons accelerated inside the target in the laser pulse propagation
direction by HB RPA and the protons accelerated by TNSA from the rear side
of the target. In the second stage shown in Fig. 1 b), d), the most energetic
protons accelerated to velocities higher than uhb inside the target enters into the
TNSA field behind the initial position of the target rear side, however, the target
is still not transparent for the laser pulse. If the laser pulse punched through the
target, the third stage occurs when the protons can be further accelerated to
very high energies. In this transparency phase, the laser continuously imparts
forward momentum to the electrons, which couple to the ions [21, 22]. This
third stage, which is sometimes called break-out afterburner (BOA) mechanism
[23, 24], is more efficient in the case of CH2 target due to an earlier punching
of the laser through the target (i.e., at 200 fs for CH2 target vs. at 270 fs
for H ribbon), closer to the laser pulse maximum amplitude as well as larger
plasma density allowing efficient volumetric absorption of laser pulse energy
to electrons for longer time. That is why we can observe similar maximum
energies of accelerated protons from both targets at the end of simulation (Fig.
2 a)), even though the observed energies are initially larger for hydrogen target
as can be seen in Fig. 2 b). Nevertheless, the number of accelerated protons
is substantially higher for the hydrogen target (about 4 times integrated all
protons with energy exceeding 10 MeV) as shown in the energy spectra in Fig.
2 a). The conversion efficiency of laser pulse energy to high-energy protons (for
those exceeding 10 MeV) is about 9 percent for CH2 target and 27 percent
for hydrogen ribbon. Thus, we have shown that even several times thicker
hydrogen foil can be advantageous for proton acceleration compared with a
standard target usually used in the experiment.
3 2D simulations at various laser intensities
In order to assess the efficiency of HB RPA mechanism for novel hydrogen
target, it would be worth to study the interaction at lower peak intensities than
maximum 3 × 1022 W/cm2 which will be very challenging to reach under real
experimental conditions. Therefore, we reduced the intensity (and energy) of
the pulse by factors 1/2, 1/4 and 1/8 in the following calculations (thus, we
assumed laser power about 4.5, 2.25 and 1.1 PW on target, respectively).
In order to summarize the results for the assumed laser intensities, we start
with the temporal evolution of maximum energies of protons accelerated by
two mechanisms shown in Fig. 3. Our simulations reveal that the pulse burns
through the target for laser intensity equal or larger than 1.5 × 1022 W/cm2.
Otherwise, the laser and target parameters are not sufficient to reach this stage
of the interaction. Such behavior affects later stage of the acceleration of protons
originated from the target interior when their maximum energies are rapidly en-
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Figure 2: (a) Proton energy spectra at 370 fs from the beginning of laser-target
interaction; (b) Temporal evolution of maximum proton energies for hydrogen
(H) and polyethylene (CH2) targets. The protons marked as ”RPA” are ini-
tially accelerated by HB RPA mechanism and originate from the target interior
(however, they cross the initial rear side target position later in time as shown
in Fig. 1). The protons marked as ”TNSA” originate from the rear side of the
target.
hanced for higher intensities (see solid lines in Fig. 3), whereas in the case of
laser intensity below 1.5×1022 W/cm2 mixture RPA/TNSA mechanism acceler-
ates protons originated from the target interior to energies similar to the protons
originated from the target surface (accelerated by pure TNSA). In the case of
the lowest intensity assumed here (3.7 × 1021 W/cm2), mixture RPA/TNSA
mechanism almost did not occur (protons originated from the target interior
and initially accelerated by HB RPA are only slightly post-accelerated in the
TNSA field) and TNSA mechanism accelerates protons to the highest energies.
Additional analysis of this set of simulations have shown us that the number
of protons initially accelerated from the target interior (”RPA” protons) largely
exceeds the number of protons accelerated by pure TNSA mechanism (”TNSA”
protons). The ratio of these two kinds of accelerated protons together with the
energy transformation efficiency of the laser pulse to all protons with kinetic
energy exceeding 10 MeV accelerated in the forward direction is shown in Table
1. Generally, the number of protons initially accelerated by HB RPA is increas-
ing with laser intensity. Even though we cannot well determine the numbers
at later stage after the time instant when RPA protons reach the TNSA field,
the ratio of RPA protons to TNSA protons is higher in all studied cases before
these two groups are mixed together: it is about 2 for the lowest intensity case
and reaches about 9 for the highest intensity case at the end of the first stage
of proton acceleration. Energy transformation efficiency of the laser pulse en-
ergy to high-energy protons (> 10 MeV) is also enhanced from 16 percent at
3.7×1021 W/cm2 to 27 percent at 3×1022 W/cm2. While the former efficiency
is at the borders what was achieved experimentally [3], the latter is far beyond
the current observations due to RPA dominant mechanism and pure hydrogen
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Figure 3: Temporal evolution of maximum energies of protons initially acceler-
ated in the interior of hydrogen ribbon by HB RPA mechanism and of protons
accelerated by pure TNSA mechanism for various laser intensities ranging from
3.75× 1021 to 3× 1022 W/cm2.
target. Here, the efficiency of TNSA mechanism is reduced by the spread of hot
electrons towards lateral sides of the target which is not the case for HB RPA
driven by the ponderomotive force.
Table 1: Energy transformation efficiency of laser pulse energy to kinetic en-
ergy of fast protons (only protons with energy εk > 10 MeV are taken into
account) and the ratio of the number of fast protons accelerated in the target
interior (RPA protons) to the number of protons accelerated from the target
rear side (TNSA protons) for laser intensities ranging from 3.7 × 1021 up to
3.0 × 1022 W/cm2. The ratio of fast protons is determined at time moment
specified in round brackets since the protons accelerated by HB RPA in the
target interior propagate through initial position of the target’s rear side and
cannot be well distinguished from TNSA protons afterwards.
laser intensity energy transformation #RPA / #TNSA protons
(×1022 W/cm2) efficiency (εk > 10 MeV)
3.0 0.27 9.0 (190 fs)
1.5 0.27 6.3 (220 fs)
0.75 0.21 3.6 (260 fs)
0.375 0.16 2.0 (320 fs)
We should note that the protons accelerated by HB RPA mechanism should
travel through the target interior. Since hydrogen ribbon can be relatively thick
target, the accelerated protons can collide with other particles in the target
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and be slowed down and scattered. However, these effects should be negligible
taking into account that mass stopping power of 10 MeV protons in hydrogen is
103 MeV/(g/cm2) and the stopping power is decreasing with increasing proton
kinetic energy. Thus, the average loss of kinetic energy is less than 0.1 MeV per
100 µm for protons accelerated to energy > 10 MeV.
4 Influence of initial density profile
The requirements on the intensity contrast of laser pulse of multiPW power
in order to protect the target from heating, melting and evaporation before
the arrival of the main pulse are even more challenging than for current laser
facilities. Even if the contrast will become comparable to the best contrast
values presently achieved at subPW lasers, one can expect that the target will
be partially heated before the main pulse and preplasma formation will occur.
Therefore, it is important to investigate how the preplasma will affect the whole
interaction and proton acceleration.
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Figure 4: (a) Initial density profile along longitudinal spatial axis (laser prop-
agation direction) normalized to maximum density in the case of target with
preplasma (solid line) and without preplasma (dashed line); (b) Final energy
spectra of accelerated protons for simulations of hydrogen target irradiated by
the laser pulse with/-out preplasma.
In our additional 2D simulations, we assumed exponential density profile of
preplasma exp(−x/Lsc) for simplicity as in many papers (e.g. [25, 26]) with
the scale length Lsc = 5 µm. We did not assume multidimensional effects in
the preplasma formation [27], so the density of preplasma depends only on the
longitudinal (x) axis in the simulation box. Since the number of macroparti-
cles is the same in all cells occupied by plasma, we have to take into account
numerical weightings of macroparticles in the following analysis. 1D profile of
target density was set in order to keep constant the number of real particles
in the target, which means that the thickness of maximum density region was
decreased from 25 µm to 20 µm and the length of preplasma region was set to
30 µm, see Fig. 4 a). Laser peak intensity is assumed at 1.5× 1022 W/cm2.
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For our parameters, we observed that the assumed preplasma only slightly
modify the final proton energy spectrum (shown in Fig. 4 b)) and also the
transformation efficiency of laser pulse energy to high-energy protons is similar
for the case with and without the preplasma (29 percent vs. 27 percent, re-
spectively). We also observed the same ratio of RPA to TNSA protons for both
cases.
5 3D simulations and comparison with 2D
Previous studies have shown that 2D PIC simulations can overestimate the
energies of accelerated protons [28, 22] or they can capture different physics
depending on laser wave polarization [29]. Therefore, we performed very de-
manding 3D calculations in order to check the validity of obtained results in 2D
PIC simulations and to analyze the influence of laser wave polarization. Due
to computational constraints, we assumed reduced thickness of the target and
reduced length of the laser pulse which were both decreased to about 3/5 of
the initial values down to 15 µm thick hydrogen ribbon and 200 fs full duration
of the laser pulse. Such parameters are still sufficient to observe the evolution
of laser-target interaction and to assess the efficiency of HB RPA and TNSA
regimes.
The interaction of laser pulse with the target has been studied in the simu-
lation box with dimensions 100 µm× 34.5 µm × 34.5 µm. The simulation box
consisted of cells with the size of 20 nm in the longitudinal direction (in the
direction of laser beam propagation) and 30 nm in both transverse directions.
10 electrons and 10 protons were initialized in each cell occupied by plasma.
Thus, around 6.6× 109 cells and 20× 109 particles were involved in the simula-
tion. The simulations were run on 1920 CPU cores for about 100 hours each on
Salomon cluster in the Czech Republic (IT4Innovations project). We studied
the interaction with linearly and circularly polarized laser pulses of peak inten-
sity 1.5× 1022 W/cm2. Since linearly polarized laser pulses are mostly used in
experiments (that is why we assumed linearly p-polarized pulses in previously
described 2D calculations), we start our discussion by comparison of the results
from 3D and 2D calculations with linear polarization and with other similar
parameters. Thus, we performed additional 2D simulations with reduced target
thickness and laser pulse duration as described above.
When these results from 3D and 2D were compared, we observed several
differences: 1) the laser pulse burned through the target during the interaction
in the case of 3D whereas it was not the case for 2D; 2) the temperature of hot
electrons was higher in 2D simulations (44 MeV in 2D vs. 34 MeV in 3D); 3)
the energy of accelerated ions by HB RPA mechanism was higher in 3D whereas
the energy of ions accelerated by TNSA was larger in 2D case. For example,
the maximum energy of protons accelerated by TNSA was about 155 MeV in
2D vs. 80 MeV in 3D at 180 fs, the energy of protons accelerated by HB RPA
was about 180 MeV in 2D vs. 250 MeV in 3D at the same time instant. Such
difference is also apparent in phase spaces of protons in Fig. 6 a), b) at the end
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Figure 5: (a), (b) Electron density distribution in 3D and 2D simulations, respec-
tively, at 220 fs from the beginning of laser-target interaction; (c), (d) Transverse
electric field distribution in 3D and 2D simulations, respectively, at 180 fs from
the beginning of laser-target interaction. In 3D case, the distributions are taken
in (x, y) plane at z = 0.
of laser-plasma interaction. Here, the maximum value of momentum reaches
almost 30 mec for both types of protons in 2D case, whereas it exceeds 30 mec
for RPA protons and slightly above 20 mec for TNSA protons in 3D case.
The observation 1) implies a higher hole boring velocity in 3D PIC simula-
tions. Such observation is in agreement with higher intensity of the focused laser
beam in 3D geometry when the beam burns the hole inside the ionized target.
In 2D geometry, the intensity of the focused beam is less enhanced as the beam
is focused only in one transverse direction. The effect of beam focusing can be
observed in Fig. 5 showing instantaneous transverse electric fields and electron
densities at later stage of laser-plasma interaction. From those fields and den-
sities, one can also infer faster narrowing of the beam in 3D geometry when
it penetrates through the target as the intensity gradient in the perpendicular
direction to the beam propagation is higher.
The observation 2) is connected with geometrical effect which leads to the
heating of electrons in only two dimensions (the simulation plane) for p-polarized
laser wave whereas the electrons are heated in all three spatial directions in 3D.
Theoretical analysis in Ref. [29] demonstrated that this effect accounts for
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Figure 6: Phase space of protons (p, x), where p is the momentum of protons
accelerated in the forward direction with energy> 10 MeV for (a) 2D and (b) 3D
simulations in the case of linearly p-polarized laser beam, for (c) 3D simulation
in the case of circularly polarized beam.
higher temperatures in 2D. The observation 3) can be explained by higher hole
boring velocity in 3D calculations (which implies higher energy of protons accel-
erated by RPA) and reduced spread of hot electrons in 2D geometry [30] as well
as higher temperature of hot electrons in 2D (which implies larger accelerating
field generated by hot electrons leading to higher energy of protons accelerated
by TNSA behind the target).
6 Influence of laser wave polarization
Theoretical studies on RPA mostly propose higher stability of this mechanism
when circularly polarized laser pulse is employed for the acceleration. The non-
linear force acting on the dense electron layer, where the laser wave is reflected,
has a steady and oscillatory component in general case, whereas only steady
component is present when the laser is circularly polarized. In the case of light
sale acceleration (LS RPA), this should strongly reduce the heating of electrons
which otherwise leads to unfavorable expansion of thin targets and limited time
when the acceleration can occur [5, 6, 7]. However, the situation becomes more
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complicated in real 3D case with limited size of the focused laser beam. The foil
is bent by the laser beam intensity shape and hot electrons can be generated
in the curved surface of the dense target. Moreover, Rayleigh-Taylor instability
should develop [31, 32]. Similar effect can be observed in our case with a thicker
target when we tested both polarizations (linearly p-polarized and circularly
polarized pulses). In the initial stage of the interaction, hot electron heating is
reduced for circularly polarized laser pulse. However, when the hole is bored in
the target, the heating of hot electrons is relatively similar. For example, the
estimated temperature of hot electrons in our simulations is about 34 MeV for
linearly p-polarized pulse (LP) and about 32 MeV for circular polarization (CP)
when the peak intensity interacts with the hydrogen target (140 fs from the be-
ginning of laser-plasma interaction) whereas it is about 16 MeV vs. 2 MeV at
earlier stage (60 fs from the beginning of the interaction).
Due to strongly reduced heating of electrons in the earlier stage of the in-
teraction for CP, proton acceleration in TNSA regime is also reduced here.
Nevertheless, TNSA starts to work efficiently somewhat later and energies of
protons accelerated by TNSA mechanism are similar at later stage for both
polarizations. Timing and efficiency of TNSA and HB RPA for linearly and cir-
cularly polarized laser beams can be well illustrated by phase space of protons
at the end of laser target interaction in 3D simulations in Fig. 6 b), c). The
position of the fastest TNSA protons originated from target rear side (located
initially at x = 15 µm) is about x = 28 µm for LP and about x = 25 µm for
CP, although their maximum momentum is roughly the same (between 22 and
23 mec), which is a clear signature that TNSA was delayed for CP. The phase
space around x = 15 µm also reveals that HB velocity is slightly enhanced for
LP, which can be explained by the presence of the oscillatory component of
ponderomotive force for LP.
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Figure 7: Energy spectra of accelerated protons for circularly and linearly po-
larized laser beams in 2D and 3D simulations at 260 fs from the beginning of
laser-target interaction.
Proton energy spectra are drawn in Fig. 7, both from 2D and 3D simula-
tions. When the pulse is CP in 2D simulations, HB RPA generates more protons
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in the mean energy range (around 70 MeV), although the number of protons
in the high-energy range (from 100 MeV) and the maximum energy are lower
compared with LP. These observations can be ascribed to the absence of the
oscillatory component of ponderomotive force leading to a more stable acceler-
ation and to reduced heating of hot electrons. However, we have observed less
pronounced difference between both polarization cases in more realistic 3D sim-
ulations, where the heating of electrons and accelerating fields for TNSA are
lower compared with 2D.
7 Effect of laser pulse duration
Up to now, we investigated the interaction of hydrogen target with laser pulse of
duration exceeding 100 fs. However, multiPW laser beams with pulse duration
of about 30 fs can be also expected in near future [33]. Usually, the highest
efficiency of proton acceleration with these ultrashort pulses can be observed
by using ultrathin foils [34, 35]. Here, we investigate a relative decrease in
maximum energy and number of accelerated protons when the pulse becomes
shorter and other parameters are kept constant.
In our example, we set laser intensity to 3.7 × 1021 W/cm2 and full laser
pulse duration of sin2 temporal profile to 64 fs (similar to gaussian temporal
profile of the pulse with FWHM equal to 30 fs). Other parameters are set to
the same values for initial 2D simulations introduced here (those with 25 µm
thick hydrogen target and various laser intensities).
The results show the decrease of maximum energy of RPA protons from
about 110 MeV for long pulse to about 70 MeV for short pulse, the number
of high energy protons is reduced even more, by factor 5.3 in 2D simulations
for short pulse. These observations are in agreement with our expectations
assuming that laser beam burns the hole several times deeper for long pulse,
thus the front of the laser pulse interacting with plasma (laser-plasma interface)
can accelerate more protons. The laser beam is also focused inside the plasma
when it burns the hole as shown in Fig. 5, which increases its intensity and
explains the enhancement of maximum energy of RPA protons for long pulse,
which is theoretically given by the dimensionless pulse amplitude a0 of the
focused beam.
8 Conclusions
We demonstrated high efficiency of proton acceleration from relatively thick
solid hydrogen target (conversion efficiency almost 30 percent of laser pulse
energy to protons accelerated in the forward direction in 2D and 3D simulations
with laser and target parameters described above). Detailed analysis have shown
that most of protons is initially accelerated in the target interior by HB RPA
mechanism and they can be further accelerated behind the target by electrostatic
field generated by hot electrons. Since the HB velocity increases with decreasing
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ion density and ion mass, hydrogen ribbon is the best candidate to demonstrate
efficient HB RPA compared with other solid targets such as plastic or metal
foils.
For laser intensities of the order of 1022 W/cm2 corresponding to laser power
of several PWs and laser pulse length exceeding 100 fs at FWHM, the number of
protons accelerated by HB RPA and their maximum energies are much higher
than the number of protons accelerated by TNSA from the rear side of the
hydrogen ribbon. Even if a part of hydrogen target is evaporated and slightly
expands before the arrival of the main laser pulse, thus the preplasma is formed,
the effect of such preplasma is rather negligible on the final proton acceleration.
Also, the polarization of laser wave does not affect significantly the final results
for the assumed laser pulse length.
Acknowledgments
This work has been mainly supported by the Czech Science Foundation, project
No. 15-02964S. Fruitful discussions with Dr. D. Margarone and Prof. S. V.
Bulanov from ELI-Beamlines project at IoP CAS are gratefully acknowledged.
Computational resources were provided in the frame of IT4Innovations National
Supercomputing Center supported by project LM2015070 and storage facilities
were provided in the frame of CERIT Scientific Cloud supported by project
LM2015085, both funded by Czech Ministry of Education, Youth and Sports.
Partial support by the project LQ1606 funded by Czech Ministry of Education,
Youth and Sports is also acknowledged.
References
[1] Macchi A, Borghesi M and Passoni M 2013 Rev. Mod. Phys. 85 751–793
[2] Daido H, Nishiuchi M and Pirozhkov A S 2012 Rep. Prog. Phys. 75 056401
[3] Brenner C M, Robinson A P L, Markey K, Scott R H H, Gray R J, Rosinski
M, Deppert O, Badziak J, Batani D, Davies J R, Hassan S M, Lancaster
K L, Li K, Musgrave I O, Norreys P A, Pasley J, Roth M, Schlenvoigt H P,
Spindloe C, Tatarakis M, Winstone T, Wolowski J, Wyatt D, McKenna P
and Neely D 2014 Appl. Phys. Lett. 104 081123
[4] Esirkepov T, Borghesi M, Bulanov S, Mourou G and Tajima T 2004 Phys.
Rev. Lett. 92 175003
[5] Klimo O, Psikal J, Limpouch J and Tikhonchuk V T 2008 Phys. Rev. ST
- Accel. Beams 11 031301
[6] Robinson A P L, Zepf M, Kar S, Evans R G and Bellei C 2008 New J.
Phys. 10 013021
[7] Macchi A, Cattani F, Liseykina T and Cornolti F 2005 Phys. Rev. Lett. 94
165003
14
[8] Liseykina T V, Borghesi M, Macchi A and Tuveri S 2008 Plasma Phys.
Control. Fus. 50 124033
[9] Schlegel T, Naumova N, Tikhonchuk V T, Labaune C, Sokolov I V and
Mourou G 2009 Phys. Plasmas 16 083103
[10] Dollar F, Zulick C, Thomas A G R, Chvykov V, Davis J, Kalinchenko G,
Matsuoka T, McGuffey C, Petrov G M, Willingale L, Yanovsky V, Mak-
simchuk A and Krushelnick K 2012 Phys. Rev. Lett. 108 175005
[11] Garcia S, Chatain D and Perin J P 2014 Laser Part. Beams 32 569–575
[12] Margarone D, Velyhan A, Dostal J, Ullschmied J, Perin J P, Chatain D,
Garcia S, Bonnay P, Pisarczyk T, Dudzak R, Rosinski M, Krasa J, Giuffrida
L, Prokupek J, Scuderi V, Psikal J, Kucharik M, De Marco M, Cikhardt
J, Krousky E, Kalinowska Z, Chodukowski T, Cirrone G A P and Korn G
2016 Phys. Rev. X 6 041030
[13] Qiao B, Kar S, Geissler M, Gibbon P, Zepf M and Borghesi M 2012 Phys.
Rev. Lett. 108 115002
[14] Arber T D, Bennett K, Brady C S, Lawrence-Douglas A, Ramsay M G,
Sircombe N J, Gillies P, Evans R G, Schmitz H, Bell A R and Ridgers C P
2015 Plasma Phys. Control. Fusion 57 113001
[15] Rus B, Bakule P, Kramer D, Naylon J, Thoma J, Green J T, Antipenkov
R, Fibrich M, Novak J, Batysta F, Mazanec T, Drouin M A, Kasl K, Base
R, Peceli D, Koubikova L, Trojek P, Boge R, Lagron J C, Vyhlidka S, Weiss
J, Cupal J, Hrebicek J, Hribek P, Durak M, Polan J, Koselja M, Korn G,
Horacek M, Horacek J, Himmel B, Havlicek T, Honsa A, Korous P, Laub
M, Haefner C, Bayramian A, Spinka T, Marshall C, Johnson G, Telford
S, Horner J, Deri B, Metzger T, Schultze M, Mason P, Ertel K, Lintern
A, Greenhalgh J, Edwards C, Hernandez-Gomez C, Collier J, Ditmire T,
Gaul E, Martinez M, Frederickson C, Hammond D, Malato C, White W
and Houzvicka J 2015 Eli-beamlines: Development of next generation short-
pulse laser systems RESEARCH USING EXTREME LIGHT: ENTERING
NEW FRONTIERS WITH PETAWATT-CLASS LASERS II (Proceedings
of SPIE vol 9515) p 95150F
[16] Bulanov S V, Esirkepov T Z, Kando M, Pegoraro F, Bulanov S S, Geddes
C G R, Schroeder C B, Esarey E and Leemans W P 2012 Phys. Plasmas
19 103105
[17] Mora P 2001 Plasma Phys. Control. Fusion 43 A31–A37
[18] Cattani F, Kim A, Anderson D and Lisak M 2000 Phys. Rev. E 62 1234–
1237
[19] Robinson A P L, Trines R M GM, Dover N P and Najmudin Z 2012 Plasma
Phys. Control. Fus. 54 115001
15
[20] Tamburini M, Liseykina T V, Pegoraro F and Macchi A 2012 Phys. Rev.
E 85 016407
[21] Jung D, Yin L, Albright B J, Gautier D C, Letzring S, Dromey B, Yeung
M, Hoerlein R, Shah R, Palaniyappan S, Allinger K, Schreiber J, Bowers
K J, Wu H C, Fernandez J C, Habs D and Hegelich B M 2013 New J. Phys.
15 023007
[22] Liu J L, Chen M, Zheng J, Sheng Z M and Liu C S 2013 Phys. Plasmas
20 063107
[23] Yin L, Albright B J, Bowers K J, Jung D, Fernandez J C and Hegelich B M
2011 Phys. Rev. Lett. 107 045003
[24] Jung D, Yin L, Gautier D C, Wu H C, Letzring S, Dromey B, Shah R,
Palaniyappan S, Shimada T, Johnson R P, Schreiber J, Habs D, Fernandez
J C, Hegelich B M and Albright B J 2013 Phys. Plasmas 20 083103
[25] Orban C, Morrison J T, Chowdhury E A, Nees J A, Frische K, Feister S
and Roquemore W M 2015 Phys. Plasmas 22 023110
[26] Loch R A, Ceccotti T, Quere F, George H, Bonnaud G, Reau F, D’Oliveira
P, Luttikhof M J H, Bijkerk F, Boller K J, Blaclard G and Combis P 2016
Phys. Plasmas 23 093117
[27] Esirkepov T Z, Koga J K, Sunahara A, Morita T, Nishikino M, Kageyama
K, Nagatomo H, Nishihara K, Sagisaka A, Kotaki H, Nakamura T, Fukuda
Y, Okada H, Pirozhkov A S, Yogo A, Nishiuchi M, Kiriyama H, Kondo K,
Kando M and Bulanov S V 2014 Nucl. Ins. Meth. Sci. Res. A 745 150–163
[28] d’Humieres E, Brantov A, Bychenkov V Y and Tikhonchuk V T 2013 Phys.
Plasmas 20 023103
[29] Stark D J, Yin L, Albright B J and Guo F 2017 Phys. Plasmas 24 053103
[30] Margarone D, Klimo O, Kim I J, Prokupek J, Limpouch J, Jeong T M,
Mocek T, Psikal J, Kim H T, Proska J, Nam K H, Stolcova L, Choi I W,
Lee S K, Sung J H, Yu T J and Korn G 2012 Phys. Rev. Lett. 109 234801
[31] Palmer C A J, Schreiber J, Nagel S R, Dover N P, Bellei C, Beg F N, Bott
S, Clarke R J, Dangor A E, Hassan S M, Hilz P, Jung D, Kneip S, Mangles
S P D, Lancaster K L, Rehman A, Robinson A P L, Spindloe C, Szerypo
J, Tatarakis M, Yeung M, Zepf M and Najmudin Z 2012 Phys. Rev. Lett.
108 225002
[32] Lezhnin K V, Kamenets F F, Beskin V S, Kando M, Esirkepov T Z and
Bulanov S V 2015 Phys. Plasmas 22 033112
[33] Danson C, Hillier D, Hopps N and Neely D 2015 High Power Las. Sci. Eng.
3 e3
16
[34] Ceccotti T, Levy A, Popescu H, Reau F, D’Oliveira P, Monot P, Geindre
J P, Lefebvre E and Martin P 2007 Phys. Rev. Lett. 99 185002
[35] Kim I J, Pae K H, Choi I W, Lee C L, Kim H T, Singhal H, Sung J H,
Lee S K, Lee H W, Nickles P V, Jeong T M, Kim C M and Nam C H 2016
Phys. Plasmas 23 070701
17
